In the first experiment rats were trained on a working memory task for a spatial response (right-left turn) information using a delayed matching-to-sample procedure. Following lesions of the medial prefrontal cortex (MPF), which includes anterior cingulate and medial precentral cortex, there was a profound working memory deficit even at the shortest delay. In the second experiment, rats were trained on a working memory task for spatial location information using a delayed matching-to-sample procedure. Following lesions of the MPF, there was only a mild working memory deficit whereas following dorsal hippocampal lesions there was a profound working memory deficit even at the shortest delay. In the third experiment rats were trained on a working memory task for visual object information using a delayed nonmatching-to-sample procedure. Following lesions of the MPF, there were no working memory deficits, whereas following lesions of the prelimbic and infralimbic cortex there was a profound working memory deficit even at the shortest delay. The results suggest that different neural subregions of the prefrontal cortex mediate working memory for specific attribute information.
In the first experiment rats were trained on a working memory task for a spatial response (right-left turn) information using a delayed matching-to-sample procedure. Following lesions of the medial prefrontal cortex (MPF), which includes anterior cingulate and medial precentral cortex, there was a profound working memory deficit even at the shortest delay. In the second experiment, rats were trained on a working memory task for spatial location information using a delayed matching-to-sample procedure. Following lesions of the MPF, there was only a mild working memory deficit whereas following dorsal hippocampal lesions there was a profound working memory deficit even at the shortest delay. In the third experiment rats were trained on a working memory task for visual object information using a delayed nonmatching-to-sample procedure. Following lesions of the MPF, there were no working memory deficits, whereas following lesions of the prelimbic and infralimbic cortex there was a profound working memory deficit even at the shortest delay. The results suggest that different neural subregions of the prefrontal cortex mediate working memory for specific attribute information.
It has been proposed that one of the main functions of the prefrontal cortex in animals and humans is to represent information in a short-term working memory system (GoldmanRakic, 1987) . Support for this hypothesis comes from the findings that lesions of the dorsolateral prefrontal cortex in monkeys and medial prefrontal cortex lesions in rats disrupt shortterm memory within spatial delayed response, spatial delayed alternation, delayed oculomotor, and response tasks (Kolb et al., 1974; Fuster, 1989; Funahashi et al., 1993) . Furthermore, single-unit activity from cells in the dorsolateral frontal cortex in monkeys during performance of the delayed oculomotor task often display a sustained increased or decreased firing rate during the delay period (Funahashi et al., 1990) . hi the case of the oculomotor delayed response task, these cells respond also to egocentric locations in the visual field (Funahashi et al., 1990) . Thus, it appears that the dorsolateral prefrontal cortex region is involved in the short-term representation of egocentric space. For example, in the delayed response and delayed alternation tasks there are critical spatial and response components, in that the correct spatial position is always relative to the animals' body position. Furthermore, in a delayed response task, many prefrontal cortex cells fire differentially to cues that signal right-left responses (GoldmanRakic, 1987) , whereas other cells fire in anticipation of the correct motor response (Niki, 1975) .
Previous research with rats has shown that the acquisition of a spatial response discrimination task is also markedly impaired following medial prefrontal cortex lesions (Kesner et al., 1989) . However, in this task, memory for having made a specific right or left turn was not assessed. Thus, the purpose of experiment 1 was to assess the role of the medial prefrontal cortex on memory for the egocentric spatial response of having made a right or left turn. In this task, rats were trained to remember having made a right or left turn using a delayed matching-to-sample procedure. Previous research (Kesner et al., 1993) with this task has indicated that caudate-lesioned, but not hippocampus or extrastriate visual cortex-lesioned rats, are impaired in remembering specific right or left turn spatial responses.
Experiment 1

Materials and Methods
Subjects
Ten male Long-Evans rats, weighing 275-350 gm at the start of the experiment, -were used. They were housed in standard stainless steel cages in a large, well-lit laboratory room and were maintained on a 14 hr light: 10 hr dark schedule. All animals were placed on food deprivation with free access to water and maintained at 80-85% of ad libitum weight throughout the experiment.
Apparatus
The apparatus used for the spatial response memory task consisted of a modified six-arm plus maze. The maze was made out of 0.6 cm thick wood and was painted white. The maze was 85 cm long, 36 cm wide, and 41 cm high, and was divided into three parts: a center section (31 cm long, 36 cm wide, and 41 cm high) and two side (north and south) sections (27 cm long, 36 cm wide, and 41 cm high). Each side section contained three separate arms and Plexiglas doors in front of each arm. Each arm was 27 cm long, 10 cm wide, and 16 cm high and contained a food well (2.5 cm) at the end of each arm. In front of each arm was a 0.2 cm thick Plexiglas door, which could be raised or lowered by a pulley system located 14.5 cm above the Plexiglas doors.
Behavioral Procedure
Initially, all the rats were familiarized with the apparatus. During the first two 20-min sessions, all six doors were raised and all six food wells were baited with cereal, in order to allow exploration of the apparatus. During the next eight sessions the rats were trained to enter and exit arms after the experimenter opened and closed each door. After this familiarization training a delayed matching-to-sample procedure was begun. During the study phase a rat was placed in the middle arm on either the south or north side of the center section, allowed to run to the center of the box, and given the opportunity to make a right or left turn, which was accomplished by opening the right or left door. The selection of the south or north side as well as the right or left turn was randomized and differed for each study phase. After making the appropriate turning response, the animal was given a half piece of cereal as reinforcement. The rat was then removed from the maze, and immediately (1-4 sec) thereafter the test phase was begun. During the test phase of the trial, the rat was placed in the middle arm on the opposite side to the arms that were selected in the study phase. Then, both right and left doors were opened, and the rat was given the opportunity to choose between the right and left doors. A repeat of the turn made during the study phase led to a whole piece of cereal reinforcement. A turn that did not match the direction in the study phase was not rewarded. This procedure was used to insure that the task required memory for a specific turn response and not a specific spatial location. The rat received six trials per day, 5 d/week. After reaching criterion performance (75% or better on 36 consecutive trials), the rats received medial prefrontal cortex (n = 5) or sham-operated control lesions (n = 5). Following recovery from surgery (at least 7 d) the rats were retested daily with six trials per day until they rereached criterion 
Surgery
All surgery was performed while the rats were anesthetized with sodium pentobarbital (Nembutal, 45 mg/kg i.p.) and given atropine sulfate (0.2 mg i.p.). They were operated on under clean conditions. Five rats received bilateral aspiration lesions of the medial prefrontal cortex. The lesions extended from bregma anterior to the frontal pole and included an area of 1.5 mm on each side of the midline, and 3 mm below dura. The remaining five rats received a sham-operation. These rats were anesthetized, incised, sutured and allowed to recover.
Histology
At the end of the experiment, animals were given a lethal injection of sodium pentobarbital. Following preparation of the brain, serial sections (30 nm) were processed using a freezing microtome, mounted in a one in five series on gelatin-covered slides, and stained with cresyl violet.
Results
Histology
A representative example of an MPF lesion is shown in Figure  1 , A and B. The damage primarily involved anterior cingulate cortex and some damage to the medial precentral cortex.
Behavioral Analysis
Rats learned the memory for spatial response task in a mean of 650 trials with a range of 500-800 trials. (Kesner et al., 1993) .
criterion with a mean of 170.4 trials. In contrast, control rats rereached criterion with a mean of 40.8 trials. The difference between the two groups was significant (t = 3.9,p < 0.02). The rats were then given 36 trials with a 15 s delay followed by 36 trials with a 30 sec delay between the study and test phase. Mean percent correct performance for the 1-4,15, and 30 sec delay condition is shown in Figure 2 . The correct performance score for the 1-4 sec delay condition was based on the last 36 trials of the retraining session. 
Discussion
Because successful performance in this task requires a working memory representation for having made a right or left turn, it is likely that proprioceptive feedback from executing a specific motor response plays an important role and constitutes an important spatial feature of the working memory representation in this task. Given that rats with MPF lesions are impaired in performance of this task at short and long delays implies that the MPF plays an important role in working memory for spatial response information. The results are consistent with previous findings of MPF lesions in rats, dorsolateral frontal cortex lesions in monkeys, and prefrontal cortex damage in humans, in that profound deficits are observed in spatial learning tasks and in working memory tasks requiring memory for spatial response information, such as a rightleft turn, an oculomotor response, a delayed spatial response, or a motor movement (Fuster, 1989; Kesner et al., 1989; Leonard and Milner, 1991; Funahashi et al., 1993) . The MPF lesions damaged both the anterior cingulate as well as medial precentral cortex, so that in the present study it was not possible to differentiate the contributions of these two areas to working memory for spatial response information. The MPF might function in mediating working memory for spatial response information in conjunction with the anterodorsal caudate nucleus, since lesions of this latter region also produce a profound spatial response memory deficit.
Whether the two areas contribute differentially based on new vs familiar information needs to be determined.
It should also be noted that the hippocampus does not mediate or represent working memory or short-term memory for spatial response information in that lesions of this region do not produce a deficit in the present memory for spatial response information task in rats (JKesner et al., 1993) or for memory for a motor movement in humans . Thus, the present findings add to the suggestion that the MPF mediates working memory for spatial response information.
Experiment 2
Since memory for spatial information includes both response and place information, it was deemed important to determine whether the medial prefirontal cortex would also play a role in working memory for spatial location information using a task that emphasizes this type of information. Thus far, it has been shown that in monkeys dorsolateral frontal cortex lesions do not impair an allocentric based landmark-discrimination reversal task (Pohl, 1973) . In a different test, dorsolateral frontal cortex-lesioned monkeys were not impaired when two cues were positioned with one above the other; the monkey had to respond to one side when the top cue was lit and the other side when the bottom cue was lit (Passingham, 1985) . Similarly, in humans, frontal cortex-damaged patients do not show a deficit on a spatial test requiring subjects to walk around a series of dots on the floor of a large room, guided by a plan of the room on which a route is traced. The subject carries the plan with him/her and uses it as a map. A similar lack of deficit for patients with unilateral frontal lesions was found on a task that required memory for allocentric space, namely, recall of spatial position of objects previously presented in an array (Pigott and Milner, 1993) .
In rats, the effects of medial prefrontal cortex (anterior cingulate and medial precentral) lesions are more mixed. Shaw and Aggleton (1993) report small deficits in a spatial delayed nonmatching-to-sample task. In an eight-arm spatial working memory task there are either no deficits, mild deficits, or temporary deficits, with lesions of the medial prefrontal cortex (Becker et al., 1980; Kolb et al., 1983; Silva et al., 1986) . If the lesions are larger and include in addition to the anterior cingulate and medial precentral cortex, pre-and infralimbic cortex as well as ventrolateral orbital cortex, then large deficits are observed (Silva et al., 1986) .
In a water maze, medial prefrontal cortex (anterior cingulate and medial precentral) lesions produce only small effects (Sutherland et al., 1988) ; or large effects when the lesions also encroach upon pre-and infralimbic cortex (Fantie and Kolb, 1990) . However, in a dry land version of the water maze medial prefrontal cortex lesions resulted in faster acquisition (Kesner et al., 1989) . The observed deficits in the Silva et al. and Fantie and Kolb studies could have been due to additional damage of ventrolateral orbital cortex, since lesions of this area disrupts acquisition in the dry land version of the water maze (Corwin et al., 1994) .
Since only the anterior cingulate and medial precentral cortex was damaged in the first experiment, it was deemed of importance to determine whether lesions of these same areas would produce a deficit in a spatial delayed matching to sample task that would require working memory for allocentric spatial location information. It was also of interest to compare the effects of these lesions to dorsal hippocampal lesions, since hippocampal lesions have no disruptive effect on working memory for spatial response information. In this second experiment, rats were trained to remember one specific location using a delayed-matching-to-sample procedure. Previous research (Hunt et al., 1994) with this task has indicated that large (dorsal and ventral hippocampal) or entorhinal cortex lesions disrupt memory for spatial location information.
Materials and Methods
Subjects
Fifteen male Long-Evans rats, weighing between 275-350 gm at the start of the experiment, were used. They were maintained as described in experiment 1.
Apparatus
The test apparatus was an eight-arm radial maze. The maze consisted of a central hexagonal wooden platform 41 cm in diameter with eight wooden arms, 61 cm long and 9 cm wide, projecting outward from the platform. A 3 cm diameter, 1.25 cm deep food well was drilled 0.5 cm from the end of each arm. This food well placement prevented subjects from viewing the contents of the well from the center platform. All maze floor surfaces were painted white. Clear Plexiglas retaining walls, 5 cm high, were placed on both sides along the length of each arm. Clear Plexiglas retaining walls, 20 cm high, were placed in the 5 cm gaps between arms at the point of attachment between arms and the central platform.
Clear Plexiglas doors, 20 cm high, were placed between each arm and the central platform. These doors were attached by means of a string and pulley system to a control board adjacent to the maze room. This system allowed the experimenter to lower (open) and raise (close) each door, thus controlling access to each arm while remaining outside of the maze room.
The maze was centered in a 2.5 X 1.75 m room. The surface of the maze was elevated 1 m above the floor of the maze room and 1.5 m below the overhead fluorescent lighting fixture. Several scenic posters of various sizes were placed on walls of the maze room to provide the rats with distal cues.
Behavioral Procedure
Following initial deprivation, subjects were allowed to individually explore the test apparatus for 15 min per day for a period of 1 week. Throughout this exploration period, four pieces of Froot Loop cereal (Kelloggs) were placed in each of four randomly selected food wells. The baited wells changed daily. This procedure was halted when each rat retrieved all available rewards within 5 min of being placed on the maze. At this point, preoperative training was initiated.
Rats received one preoperative training trial per day, 5 d/week. Each trial consisted of a study phase and a test phase. During the study phase, one randomly selected arm was baited with one-half piece of Froot Loop cereal and the access door was opened. All other access doors remained closed. A rat was placed in the middle of the central platform oriented toward a randomly selected door and allowed to retrieve the reward. Following a 10 sec interval in which to consume the reward, the rat was removed from the maze until the test phase.
Prior to the beginning of the test phase, the arm visited during the study phase was baited with one piece of Froot Loop cereal, and the center platform was quickly wiped with a cloth saturated with dilute ammonia solution to remove olfactory cues. All access doors were then opened. The test phase was begun by placing the rat on the center platform, oriented toward a randomly selected arm. The rat was then allowed to run freely until the reward was recovered. The rat was removed from the maze after the reward had been recovered and consumed. All arm visitations were recorded; however, for the primary analysis, only the first visitations to any of the seven unbaked arms within each trial were counted as errors.
The delay interval between the study phase and the test phase was manipulated on a random basis. Delay interval -was defined as the time period between the removal of a subject from the maze during the study phase and the placement of the same subject on the maze to begin the test phase. Three delay intervals were used: 6 sec, 1 min, and 10 min.
Preoperative testing was terminated for an individual subject when that subject made fewer than an average of 1.2 errors per trial based on 30 trials with 10 trials per delay. Surgery was performed on each subject following its completion of preoperative testing.
Surgery
All surgery was performed while the rats were anesthetized with sodium pentobarbital (Nembutal, 45 mg/kg i.p.) and given atropine sul- rate (0.2 mg i.p.). Surgery was performed under clean conditions. Five rats received aspiration lesions of the medial prefrontal cortex as described in experiment 1. Five rats received bilateral lesions of the dorsal hippocampus. Coordinates for the dorsal hippocampal lesions -were as follows: 3.5 mm caudal to bregma, 2.8 mm ventral from dura, and 1 mm, 2.2 mm, and 3-2 mm lateral to midline. The lesions were made electrorytically using stainless steel electrodes that were insulated except for 0.5 mm at the tip. A 1.2 mA direct current was applied for 10 sec to each of these six sites. Five rats served as cortical controls. They received cortical lesions dorsal to the hippocampus. Coordinates were as follows: 3-5 mm anterior to bregma, 0.5 mm ventral from dura and 1 inm, 2.2 mm, and 3-2 mm lateral to midline. A 1.0 mA direct current was applied for 10 sec to each of these six sites.
Postoperative Testing
The initial postoperative testing procedure was the same as that used during preoperative training. The rats received one trial per day. Subjects were tested until 16 trials were conducted at each of the three delay periods for a total of 48 trials. Delays were pseudorandomly assigned to trials. Errors were recorded as in the preoperative training trials.
Histology
The same procedures as described in experiment 1 were used. Figure  3 , A and B. The damage primarily involves anterior cingulate cortex as well as some damage to medial precentral cortex and dorsolateral frontal cortex. The lesion size and location is similar to what was observed in experiment 1. Representative examples of a dorsal hippocampal and a cortical control lesion are shown in Figure 4 , A and B. For the dorsal hippocampal group there was damage to the dorsal hippocampus with some sparing of the CA3 region and damage to the overlying cortex. For the control group there was damage to midline cortex extending further laterally in more anterior sections.
Results
Histology
A representative example of an MPF lesion is shown in
Behavioral Analysis
Rats learned the memory for spatial location task in a mean of 110 trials with a range of 75-165 trials. The trials were divided into two blocks of 24 trials to determine whether there were any changes across time (i.e., recovery of function). The results based on mean number of errors as a function of delay for each lesion group are shown in Figure 5 , and indicate that the dorsal hippocampal-lesioned rats were impaired (i.e., performed at chance level, which is about 2.5 errors per trial), with some improvement on the second block of 24 trials. In contrast, the MPF-lesioned rats continued to due to smaller damage to the posterior cingulate cortex compared to the Sutherland et al. study and the use of a working memory rather than an acquisition spatial task. In contrast to the MPF lesion effect, dorsal hippocampal lesions produced a profound deficit in performance with little recovery of function across trials. These results are consistent with the observation of similar deficits following large (dorsal + ventral) hippocampal lesions and entorhinal cortex lesions in the same task (Hunt et al., 1994) . Both of these neural regions have been implicated as critical in mediating allocentric spatial information (Kesner, 1990) . It should also be noted that there is a double dissociation between hippocampal and MPF function, with the hippocampus primarily involved with working memory for allocentric but not response (proprioception-based) spatial information, and the MPF involved in working memory for response but not allocentric spatial information (Kesner et al., 1993 , and the present experiment). It should be restated, however, that other subregions (ventrolateral orbital cortex) of the prefrontal cortex may also encode working memory for spatial information. make a few errors, whereas control rats rarely made errors. There were no changes in errors as a function of delay for any of the three groups.
A three-way ANOVA with lesion group as the between factor and delay and block of trials as the within factors revealed a significant group effect [F(2,12) = 22.7, p < 0.001], but none of the other effects reached p < 0.05 significance. A subsequent Newman-Keuls test indicated that the hippocampal group was significantly more impaired compared to either the medial prefrontal or the control group (p < 0.01). The medial prefrontal group differed from the control group but only at (p < 0.052) level. Thus, there appears to be a slight impairment in the medial prefrontal cortex group.
Discussion
The results indicated that there was a large deficit following dorsal hippocampal lesions and a small deficit following MPF (anterior cingulate and medial precentral cortex) lesions. The small deficit observed in the present study is consistent •with a similar lack of effect observed with small MPF lesions in an eight-arm spatial •working memory task, and a Morris water maze (Becker et al., 1980; Kolb et al., 1983; Silva et al., 1986; Sutherland et al., 1988) The results are also consistent with a lack of involvement of dorsolateral frontal cortex in monkeys and prefrontal cortex in humans in allocentric spatial tasks (Pohl, 1973; Pigott and Milner, 1993) . The small deficit following MPF lesions could be due to small and inadvertent damage to ventrolateral orbital cortex, which might represent the critical prefrontal cortex substrate for mediating allocentric spatial information (see Corwin et al., 1994) , or due to the possibility that successful performance in this allocentric spatial task may be, in part, a function of proprioceptive feedback from motor movements. This latter possibility is based on the findings in experiment 1, where it was shown that MPF lesions affect this type of memory. More experiments will be needed to isolate more specifically the specific spatial mnemonic features associated with this working memory for spatial location task. Corwin et al. (1994) have shown that ventrolateral orbital cortex lesions disrupt learning of a dry land version of the water maze. More experiments will be needed to examine the role of the ventrolateral orbital cortex in mediating working memory for spatial location information.
Even though it has been shown that posterior cingulate lesions disrupt spatial learning in a place-navigation task (Sutherland et al., 1988) , the lack of effect on working memory for spatial location in the present experiment could be
Experiment 3
Thus far, it has been shown that the MPF (anterior cingulate and medial precentral cortex) in rats is primarily involved in working memory for spatial response information and is only minimally involved in working memory for spatial location information. What role does this MPF region play in working memory for nonspatial information, such as visual object information? Previous research in monkeys indicated that dorsolateral prefrontal cortex lesions produced a small transient disruption of a delayed object alternation, a delayed object matching, a delayed color matching, or a delayed nonmatching-to-sample object recognition task (Passingham, 1975; Mishkin and Manning, 1978; Bachevelier and Mishkin, 1986) . Similarly, MPF lesions in rats do not impair nonmatching-to-sample recognition or working memory for visual objects (Shaw and Aggleton, 1993) . It is thus likely that the MPF might not contribute to •working memory for visual object information. Thus, the first purpose of experiment 3 was to test whether lesions of the MPF would affect working memory for visual object information using a somewhat different nonmatchingto-sample for object recognition task then was used by Shaw and Aggleton.
In monkeys, there are two other neural regions within the prefrontal cortex that do, however, appear to contribute to working memory for objects. These regions include the inferior convexity (areas 12 and 45) and the ventromedial prefrontal cortex (areas 10 and 32). Lesions of the inferior convexity produce either a profound deficit in delayed object alternation, delayed object-matching or delayed color-matching tasks (Mishkin and Manning, 1978) or a mild or no deficit in a delayed nonmatching-to-sample for object task (Kowalska et al., 1991) . Furthermore, increased single unit activity -was found in the inferior convexity, but not in dorsolateral prefrontal cortex in a pattern-delayed response task (Wilson et al., 1993) . Lesions of the ventromedial prefrontal cortex in monkeys produce a profound deficit in a delayed nonmatching-to-sample task for objects (Bachevalier and Mishkin, 1986) . The ventromedial prefrontal cortex lesions in monkeys includes area 32, -which in the rat is labeled as the prelimbic cortex. Thus, the second purpose of experiment 3 was to lesion prelimbic and infralimbic cortex in the rat and to examine its role in working memory for object information. Rats were trained to remember having seen a unique three-dimensional object using a delayed nonmatching-to-sample procedure. Previous research with this task has indicated that extrastriate visual cortex lesions produce deficits in perfor-mance in this task, whereas caudate or hippocampal lesions do not (Kesner et al., 1993) .
Materials and Methods
Subjects
Sixteen male Long-Evans rats weighing between 275 and 350 gm at the start of the experiment were used. They were maintained as described in experiment 1.
Apparatus
The apparatus for the visual object memory task consisted of a table, 122.0 cm long by 35.5 cm wide, with a black Plexiglas door (50.5 cm tall by 43.0 cm wide) separating the table into two sides. The table was constructed of painted black wood and was raised 91.0 cm above the floor. Each side contained three 2.6-cm-diameter food wells, separated by 6.0 cm, located 5 cm from the back edge and centered from side to side. A sheet of red Plexiglas (88.0 cm tall by 91.0 cm wide) extended across one side of the table to block the animals' view of the experimenter and the room, while the opposite side of the table was against a wall.
Behavioral Procedure
Rats were trained in a recognition memory task for visual objects using a delayed nonmatching-to-sample procedure. In this case, a nonmatching-to-sample procedure was used in order to be able to make direct comparisons with analogous procedures used in previous monkey research. All rats were familiarized with the apparatus for ten 20 min sessions. During the first two sessions the door was raised and all food wells were baited with cereal. During the next eight sessions the rats were trained to approach and displace objects, in order to obtain a piece of food reward whenever the center door was raised. After this familiarization training the delayed nonmatching-to-sample training was begun. In the study phase of a trial the rat was given the opportunity to approach a visual object, to push it aside, and receive half a piece of cereal as reinforcement. Immediately after consuming the food the test phase was begun. The rat was given a choice between an identical unique object and a novel unique object on the other side of the table. The rat had to choose the novel object in order to receive a whole piece of cereal. There were a sufficient number of objects (100) so that each rat saw each object once every 50 trials. Rats were given 10 trials per day 5 d/week until they reached a criterion of at least 75% or better performance based on 60 consecutive trials. The rats then received medial prefrontal cortex (n = 5), pre-and infra-Iimbic cortex (n = 7), or sham-operated control in = 4) lesions. Following recovery from surgery (at least 7 d) the rats were retested daily with 10 trials per day until they rereached criterion performance (75% correct or better on 60 consecutive trials). After reaching criterion or 200 trials, each rat was given 60 trials (10 trials per day) with a 10 sec delay, followed by 60 trials with a 20 sec delay between the study and test phase. All rats in each group continued to be tested at the 20 sec delay until they reached criterion or until they -were given 200 trials.
All rats in the prelimbic and infralimbic-lesioned group were then given a visual object discrimination test. One object was positive and displacement resulted in cereal reinforcement, whereas the other object was negative and displacement resulted in no reinforcement. The location of the two objects (right or left) was randomized. Rats were given 10 trials per day, 5 d/week until they reached a criterion of 80% or better correct performance on 60 consecutive trials.
Surgery
The same procedures as described in experiment 1 were used. Five rats received aspiration lesions of the medial prefrontal cortex as described in experiment 1. Seven rats received bilateral lesions of the prelimbic and infralimbic cortex. The lesions were made electrolytically, using stainless steel electrodes that -were insulated except for 0.75 mm at the tip. Coordinates for the prelimbic and infralimbic cortex were as follows: 3.2 mm anterior to bregma, 2.5 mm and 4.2 mm ventral from dura, and 0.5 mm lateral to midline; 2.2 mm anterior to bregma, 3.1 mm ventral from dura, and 0.5 mm lateral to midline. A 1.2 mA direct current -was applied for 10 sec to each of the six sites.
Histology
The same procedures as described in experiment 1 were used. 
Results
Histology
A representative example of an MPF lesion is shown in Figure  6 , A and B. The damage primarily involves anterior cingulate cortex and additional damage to medial precentral cortex and dorsolateral frontal cortex. There was no damage to prelimbic and infralimbic cortex in any of the animals. Of the seven rats in the prelimbic-infralimbic cortex group, four had small lesions, an example of which can be seen in Figure 7A -C, and three of which had larger lesions, an example of which can also be seen in Figure 7A -C. The small lesions damaged prelimbic and infralimbic cortex with some additional damage to tenia tecta and medial orbital cortex and slight damage to anterior cingulate cortex. Larger lesions were characterized by prelimbic and infralimbic cortex damage and somewhat more extensive damage to anterior cingulate cortex.
Behavioral Analysis
Rats learned the memory for visual objects task in a mean of 410 trials with a range of 80-840 trials. The control rats rereached criterion with a mean of 85 trials, the medial prefrontal cortex-lesioned rats rereached criterion with a mean of 76 trials, and the prelimbic and infralimbic cortex lesioned rats did not rereach criterion within 200 trials and thus were given a score of 200. A one-way ANOVA revealed a significant lesion effect [F(2,12) = 4$.2,p < 0.0001]. A subsequent Newman-Keuls test revealed that the prelimbic-infraUmbic group •was significantly impaired relative to the other two groups (p < 0.01). The rats were then given 60 trials with a 10 sec delay followed by 60 trials with a 20 sec delay between the study and test phase. Mean percentage correct performance for the 0, 10, and 20 sec delay condition is shown in Figure 8 . The correct performance score for the 0 sec delay condition is based on the last 60 trials of the retraining session. The results indicate that the prelimbic-infralimbic cortex-lesioned group showed impaired performance for all delays. A two-way ANO-VA for groups and delay on percentage correct performance revealed a significant lesion effect [/ ?
Visual Object Memory
(2,13) = 17.9, p < 0.0002] and a significant delay effect [F(2,26) = 5.6, p < 0.0095]. A subsequent Newman-Keuls test indicated that the infralimbic-prelimbic-lesioned group was impaired relative to the medial prefrontal cortex and control-lesioned groups (p < 0.01). In order to test whether the impairment in the infraand prelimbic-lesioned groups was due to the inability to dis- criminate between objects, they were trained in an object discrimination task. They learned (80% or better) the object discrimination task with a mean of 80 trials. The 80 trials included the 60 criterion trials. Thus, the rats learned this object discrimination task very quickly. Furthermore, normal nonoperated rats learn this task in the same number (mean of 80) trials.
Discussion
The results indicate that lesions of the MPF (anterior cingulate and medial precentral cortex) do not interfere with working memory for visual object information. These results are consistent with similar lack of impairments of working memory for objects in rats with MPF lesions (Shaw and Aggleton, 1993) and monkeys with dorsolateral frontal cortex lesions (Mishkin and Manning, 1978; Bachevalier and Mishkin, 1986) . In contrast, the results indicate that lesions of the prelimbic and infralimbic cortex, which includes area 32, produce a profound working memory deficit for object information. Lesions of the ventromedial prefrontal cortex (includes area 32) in the monkey also produces deficits for visual object information in working memory (Kowelska et al., 1991) . Thus, it appears that prelimbic and infralimbic cortex mediates memory for visual object information. Further support for this idea comes from the finding that in the rat there are direct neural connections to this area from area TE2 (an area also involved in memory for visual object information) (Uylings et al., 1990) . It should be noted that the rats with prelimbic and infralimbic lesions in the present experiment did not have any difficulty discriminating between objects, suggesting that this impairment might indeed be a working memory deficit.
General Discussion
Even though there were some differences in training procedure among the three experiments, it should be possible to compare the results of the three experiments since (1) all three experiments emphasize working memory for unique attribute (motor response, spatial location, visual object) information, and (2) the observed deficits were manifested in all three experiments even at the shortest delays.
The data obtained in all three experiments support the idea that the prefrontal cortex mediates working memory (Goldman-Rakic, 1987) and may, indeed, represent many if not all mnemonic attributes (Kesner and DiMattia, 1987) in working memory. Furthermore, different neural subregions of the prefrontal cortex mediate these different attributes. For example, the medial prefrontal cortex (anterior cingulate and medial precentral cortex) represents spatial response attribute information, prelimbic, and infralimbic cortex represents visual object attribute information, the agranular-insular cortex represents affect (magnitude of reinforcement) attribute information (Decoteau et al., 1994) , and perhaps ventrolateral orbital cortex represents allocentric spatial information (Corwin et al., 1994) .
The MPF and ventrolateral orbital cortex region of the prefrontal cortex share with the hippocampus representation of allocentric spatial location and temporal attributes in working memory, but differ' from the hippocampus in that the MPF, prelimbic and infralimbic, and agranular insular cortex regions of the prefrontal cortex also represent spatial response, visual object, and affect attribute information (Kesner et al., 1993 )-The exact similarities and differences between these two systems with respect to dynamic processing of information need to be evaluated in future experiments.
What additional functions could be served by the prefrontal cortex through its mediation of different attribute information in working memory? One function could include a major role for the MPF in subserving temporal order information, especially since the MPF has been shown to be essential for memory for temporal order of spatial location information in rats (Kesner and Jackson-Smith, 1992 ) and prefrontal cortex plays an important role in memory for temporal order for spatial location, visual object, and linguistic information in humans Kesner et al., 1994) . Similarly, working memory can play a role in planning (executive function) and paired associate learning in rats, monkeys, and humans.
In summary, the MPF appears to play an important role in working memory for spatial response information, but does not appear to be as important in working memory for spatial location information. The MPF does not play a role in working memory for visual object information, but, instead, the prelimbic and infralimbic cortex does appear to play an important role. In combination with other data, it appears that different subregions of the prefrontal cortex mediate working memory for different attribute information.
